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Spinal cord injury (SCI) causes chronic peripheral sensitization of nociceptors and
persistent generation of spontaneous action potentials (SA) in peripheral branches and
the somata of hyperexcitable nociceptors within dorsal root ganglia (DRG). Here it
is proposed that SCI triggers in numerous nociceptors a persistent hyperfunctional
state (peripheral, synaptic, and somal) that originally evolved as an adaptive response
to compensate for loss of sensory terminals after severe but survivable peripheral
injury. In this hypothesis, nociceptor somata monitor the status of their own receptive
field and the rest of the body by integrating signals received by their peripheral
and central branches and the soma itself. A nociceptor switches into a potentially
permanent hyperfunctional state when central neural, glial, and inflammatory signal
combinations are detected that indicate extensive peripheral injury. Similar signal
combinations are produced by SCI and disseminated widely to uninjured as well as
injured nociceptors. This paper focuses on the uninjured nociceptors that are altered
by SCI. Enhanced activity generated in below-level nociceptors promotes below-level
central sensitization, somatic and autonomic hyperreflexia, and visceral dysfunction.
If sufficient ascending fibers survive, enhanced activity in below-level nociceptors
contributes to below-level pain. Nociceptor activity generated above the injury level
contributes to at- and above-level sensitization and pain (evoked and spontaneous).
Thus, SCI triggers a potent nociceptor state that may have been adaptive (from
an evolutionary perspective) after severe peripheral injury but is maladaptive after
SCI. Evidence that hyperfunctional nociceptors make large contributions to behavioral
hypersensitivity after SCI suggests that nociceptor-specific ion channels required for
nociceptor SA and hypersensitivity offer promising targets for treating chronic pain and
hyperreflexia after SCI.
Keywords: inflammatory pain, neuropathic pain, primary afferent neuron, hyperexcitability, sensitization, memory
of injury, evolution
INTRODUCTION
Neuropathic pain in general and spinal cord injury (SCI) pain
in particular are usually viewed as maladaptive consequences of
neural injury (Costigan et al., 2009; Yezierski, 2009; Gwak and
Hulsebosch, 2011). Chronic neuropathic pain is certainly mal-
adaptive for patients because of the suffering and disability that
can occur. A broader view is that SCI results in the pathologi-
cal recruitment of mechanisms that under other conditions can
be biologically adaptive. I will argue that SCI presents a com-
plex set of signals to primary nociceptors that induces a persistent
hyperfunctional state in these neurons that can be triggered by
extrinsic central signals that are associated with severe but sur-
vivable peripheral injury. My focus is on the many uninjured
nociceptors that are chronically altered by SCI and positioned to
help drive below-level and at-level pain.
CENTRAL NEUROPATHIC PAIN INVOLVES MANY
MECHANISMS, SOME OF WHICHMAY INVOLVE
ENHANCED ACTIVITY IN PRIMARY AFFERENT
NEURONS
Before considering the role of primary nociceptors in driving
chronic SCI pain, I note that numerous mechanisms at many dif-
ferent central loci may contribute to central neuropathic pain,
and different forms of central pain are likely to differ in their
dependence upon alterations in primary sensory neurons. Injury
to any part of a pain pathway could result in chronic pain if the
injury persistently enhances excitatory activity within the path-
way. For example, small strokes in the thalamus and other parts
of the brain can produce chronic pain (Finnerup, 2008), and these
injuries and their sequelae may have little impact on primary
afferent neuron function.
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Some injuries to the spinal cord might also produce chronic
pain with relatively little involvement of primary afferent neu-
rons. For example, a small electrolytic lesion encompassing part
of the spinothalamic tract in the cervical spinal cord causes per-
sistent behavioral hypersensitivity (Masri et al., 2009) and tonic
pain (Davoody et al., 2011), possibly by disinhibition of thalamic
pathways (Masri et al., 2009). More extensive spinal injuries that
are more likely to impact primary afferents produce many central
alterations that, in principle, can underlie chronic pain. For exam-
ple, SCI causes disinhibitory effects within the dorsal horn by
severing descending inhibitory pathways (Bruce et al., 2002; You
et al., 2008), killing inhibitory interneurons (Meisner et al., 2010),
reducing spinal GABA levels (Gwak et al., 2008), and changing
the Cl− equilibrium potential in projection neurons receiving
inhibitory input (Lu et al., 2008). In addition, long-lasting intrin-
sic hyperexcitability of central neurons within pain pathways can
occur after SCI. Notably, hyperexcitability is expected from the
upregulation of Na+ channels described in spinal dorsal horn
neurons and thalamic neurons (Hains et al., 2003, 2005). There
is also morphological evidence for synaptic potentiation in dor-
sal horn neurons after SCI (Tan and Waxman, 2012). Finally, SCI
causes long-lasting alterations in spinal microglia and astroglia
that are reported to promote pain-related behavior (e.g., Hains
and Waxman, 2006; Zhao et al., 2007; Detloff et al., 2008; Carlton
et al., 2009; Marchand et al., 2009; Tan et al., 2009; Gwak et al.,
2012).
Finding long-lasting alterations in central pain pathways after
SCI does not demonstrate that alterations within the CNS are
exclusively responsible for chronic pain. Central alterations might
be driven in large part by chronic increases in the activity of pri-
mary sensory neurons. Primary afferents are clearly capable of
driving chronic pain; for example, their persistent activity plays
a major role in maintaining pain in some peripheral neuropathy
models (e.g., Gracely et al., 1992; Zhang et al., 2000; Sukhotinsky
et al., 2004; Xie et al., 2005; Pitcher and Henry, 2008).
SCI ALTERS CENTRAL AND PERIPHERAL BRANCHES
OF PRIMARY NOCICEPTORS
The first evidence for SCI-induced alterations of primary sensory
neurons came from observations suggesting that primary affer-
ents, and especially those immunoreactive for CGRP (a marker
for “peptidergic nociceptors”), sprout new branches within the
dorsal horn after SCI, which potentially could lead to more
extensive nociceptive input to dorsal horn neurons (Helgren and
Goldberger, 1993; Christensen and Hulsebosch, 1997; Krenz and
Weaver, 1998; Weaver et al., 2001; Ondarza et al., 2003; Zinck
et al., 2007; Hou et al., 2009). Although a failure to find evidence
of sprouting of CGRP-positive fibers has been reported in some
SCI models (Kalous et al., 2007, 2009), the possibility of noci-
ceptor sprouting after spinal contusion injury is supported by
the finding that SCI triggers an intrinsic growth-promoting state
that further enhances the growth in culture of dissociated small
and medium-sized DRG neurons, including CGRP-positive neu-
rons, sampled from spinal segments close to and distant from an
injured segment (Bedi et al., 2012).
Physiological evidence for persistent hyperexcitability of
C-fiber neurons after SCI first came from observations of
increases in TTX-sensitive Na+ currents in dissociated somata
of primary afferents innervating the bladder (Yoshimura and
de Groat, 1997; de Groat and Yoshimura, 2010). An association
of persistent hyperexcitability in nociceptors with pain-related
behavior was not reported until twelve years later. A contusion
injury at T10 that produced mechanical and thermal hypersen-
sitivity of forelimb withdrawal responses tested 35 days later
increased the sensitivity of the peripheral terminals of function-
ally identified nociceptors to mechanical and thermal stimulation
in an isolated forepaw skin-nerve preparation, as well as produc-
ing low-frequency spontaneous activity (SA) in the terminals of
the nociceptors (Carlton et al., 2009). This important discovery
suggested that hyperexcitability and SA in peripheral branches of
primary nociceptors might help to drive chronic pain after SCI,
although it did not show whether this hyperexcitability was an
intrinsic property of the nociceptors.
SCI INDUCES PERSISTENT SPONTANEOUS ACTIVITY
(SA) IN NOCICEPTOR SOMATA
SCI has surprisingly strong effects on the excitability of nocicep-
tor somata (cell bodies) (Bedi et al., 2010). In vivo recordings
from nociceptive C and Aδ fibers in anesthetized rats showed
that contusive SCI dramatically increased the incidence of SA
generated within L4 and L5 DRG 1 to 3 months after injury.
SCI-induced SA in nociceptor somata was also expressed in vitro,
1 day after dissociation in low-density cultures lacking serum or
growth factors. The incidence of in vitro SA was remarkably high
(35–70%) 3 days to 8 months after SCI compared to what has
been reported (0–20%) for dissociated small DRG neurons sam-
pled from rats with peripheral neuropathy (Petersen et al., 1996;
Abdulla and Smith, 2001; Ma and LaMotte, 2005; Zheng et al.,
2007). All of the spontaneously active neurons sampled in vitro
after SCI were small, ∼80% were capsaicin sensitive, and ∼33%
bound isolectin B4 (a positive marker for “non-peptidergic” noci-
ceptors; Wang et al., 1994), indicating that most of the neurons
exhibiting SA were nociceptors (Bedi et al., 2010). The inci-
dence of SA after SCI was highest in neurons dissociated from
DRG far below the injury level (L4/L5, 50–70%) and high just
below the injury (T11/T12, 35–50%) compared to the incidence
in dissociated neurons from sham-operated animals (16%) and
naive animals (15%). Somally generated SA was not elevated sig-
nificantly in neurons from DRG far above the injury (C6/C7,
10–25%), even though SCI enhanced peripherally generated SA
in nociceptors at this level (Carlton et al., 2009). Another differ-
ence between nociceptor effects above and below the injury level
was the absence of elevated SA just above the injury (T8/T9, 10%)
3 days after SCI, whereas 1 month or later 50% of T8/T9 neu-
rons exhibited SA. Thus, contusive SCI can persistently increase
the prevalence of somally generated SA close to and far below
the injury site. It is not yet known if peripherally generated SA
occurs in nociceptors outside the cervical region. Finding the
highest incidence of SA in small, C-type neurons distant from
the injury site shows that axotomy of these neurons by SCI is not
required to trigger the chronic SA (see below). Enhancement of
the incidence of nociceptor SA by SCI is not restricted to spinal
contusion injury; in preliminary studies 70% of below-level DRG
neurons dissociated 1–3 months after spinal hemisection injury
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at T10 showed SA (Carlton et al., 2011), and 80% showed SA
1month after unilateral avulsion of T13/L1 dorsal roots (Du et al.,
2011). In both cases there was similar incidence of SA in dis-
sociated neurons from DRG ipsilateral and contralateral to the
injury, which again shows that direct injury of nociceptor axons
is not an important trigger for chronic SA after SCI. Note that
unilateral dorsal root avulsion, like most forms of SCI, causes
chronic pain (Wieseler et al., 2010) and widespread, bilateral
inflammatory and glial responses in the spinal cord (Chew et al.,
2011).
SCI INDUCES A DISCRETE
HYPEREXCITABLE/SPONTANEOUSLY ACTIVE (HSA)
STATE IN NOCICEPTOR SOMATA
Differences in various somal properties related to hyperexcitabil-
ity were found in nociceptors dissociated from SCI animals
compared to those from sham-operated and naïve animals (Bedi
et al., 2010). Surprisingly, all the observed differences in excitabil-
ity properties could be accounted for by the existence of a single
population of hyperexcitable/SA (HSA) nociceptors, which was
large in SCI animals and much smaller in naive and sham-
treated animals. Compared to silent neurons, SA neurons from
any of the treatment groups were depolarized at rest by nearly
5mV, exhibited more repetitive firing during depolarizing test
pulses, required less depolarizing current to evoke action poten-
tials, and had much lower membrane conductance when tested
within the range of membrane potentials where SA occurred.
The stronger correlation among all the hyperexcitability prop-
erties and SA than between any of these properties and SCI
indicates that SCI promotes entry of nociceptor somata into a
discrete HSA state. The expression of the HSA state 1 day after
dissociation and 5 or more months after SCI shows that the
intrinsic HSA state is persistent. The persistence could come
from a stable HSA state that, once induced, is expressed for very
long periods in similar fashion in vivo and in vitro, even in the
absence of inflammatory signals and growth factors. This pos-
sibility is supported by the high incidence of SA recorded in
dissociated DRG neurons and in vivo from axons in dorsal roots
connected to the DRG but disconnected from the periphery and
spinal cord, and the similarity of the spontaneous firing rates
(∼1Hz) under these quite different conditions (Bedi et al., 2010).
Persistence could also come from a stable hypersensitive state
in which a nociceptor’s predisposition to enter a more transient
HSA mode is enhanced, but remains latent unless inflamma-
tory mediators or other injury-related stimuli are present. Such
stimuli might include signals generated during the injurious
process of dissociation, which by itself can modestly promote
entry into an HSA-like state, increasing the incidence of noci-
ceptor SA from ∼0 to ∼13% (Zheng et al., 2007)—much lower
than the >50% incidence of SA in dissociated nociceptors sam-
pled from DRG after SCI (Bedi et al., 2010). A very long-term,
SCI-induced intrinsic hypersensitive state that enhances a noci-
ceptor’s responding with an intermediate-term HSA mode to
inflammation- and injury-related signals would be consistent
with the phenomenon of “hyperalgesic priming” that has been
extensively studied in nociceptors (Reichling and Levine, 2009)
and is discussed below.
SA IN NOCICEPTOR SOMATA IS CORRELATEDWITH AND
MAY HELP DRIVE PAIN-RELATED BEHAVIOR AFTER SCI
The incidence of somal SA after SCI was significantly correlated
with behavioral hypersensitivity tested 1 and 3–5 months after
injury; the animals showing the greatest sensitivity to mechan-
ical and thermal test stimuli applied to all four paws also had
the highest incidence of nociceptor SA recorded in vitro (Bedi
et al., 2010). Significant correlations between mechanical or ther-
mal hypersensitivity and incidence of nociceptor SA were found
for hindlimb responses, which were correlated with SA in neu-
rons from L4/L5 DRG. Furthermore, forelimb responses were
correlated with SA in the above-level neurons sampled from T8,
T9, C6, and C7 DRG. Particularly interesting effects of SCI were
found on vocalization elicited by mechanical stimuli delivered
to an array of test sites on the back. SCI dramatically reduced
the incidence of vocalization evoked by below-level test stimuli,
suggesting substantial interruption of spinal pathways travers-
ing the injury site. Conversely, SCI increased the incidence of
vocalization to above-level stimuli, and the above-level vocal-
ization was correlated with SA in neurons sampled from at-
and above-level DRG. Surprisingly, relatively little chronic SA
was observed in somata of neurons from C6/C7 DRG; influ-
ences of nociceptor SA on supraspinal responses and forelimb
responsiveness may come from wide-ranging effects of active
nociceptors in above-level DRG closer to the injury site, or
from nociceptor SA generated in the periphery (Carlton et al.,
2009).
SA generated within somata and peripheral branches of noci-
ceptors is likely to drive central sensitization (Carlton et al.,
2009; Bedi et al., 2010). If this SA also drives pain-related behav-
ioral alterations, then manipulations that selectively block the SA
should reduce the behavior. The nociceptor-specific Na+ chan-
nel, Nav1.8 is important for the expression of nociceptor SA and
other sensitizing effects in other pain models (Lai et al., 2002;
Roza et al., 2003; Jarvis et al., 2007; Abrahamsen et al., 2008).
Importantly, knocking down the expression of Nav1.8 largely
eliminates SCI-induced nociceptor SA in vitro and greatly reduces
behavioral hypersensitivity to mechanical and thermal test stim-
ulation applied in vivo (Yang et al., 2012). This finding indicates
that SA and hyperexcitability in primary nociceptors plays a
major part in driving chronic hypersensitivity and possibly pain
after SCI.
PERSISTENT NOCICEPTOR ALTERATIONS ARE
HYPOTHESIZED TO BE TRIGGERED BY SOMAL
INTEGRATION OF CENTRAL AND LOCAL INFORMATION
THAT INDICATES SEVERE INJURY
My central hypothesis is that a long-lasting hyperfunctional state
(which includes the somal HSA state) can be triggered in noci-
ceptors by a combination of events after SCI that mimic patterns
of signals used by nociceptors to recognize particularly severe
peripheral injury. In the next sections I discuss the types of sig-
nals that this hypothesis suggests are integrated by the nociceptor
soma to induce and maintain a persistent hyperfunctional state
(Figure 1). I then present adaptive arguments for this hypothesis,
and discuss the nature of the hyperfunctional state and some of
its pathological consequences after SCI.
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FIGURE 1 | Central and somal signals received by nociceptors during
SCI, and consequences of switching nociceptors into a persistent
hyperfunctional state. Nociceptors receive injury-related signals within the
spinal cord (from intensely activated postsynaptic dorsal horn neurons [DH],
activated glia, and infiltrating immune cells) and within the DRG (from other
DRG neurons, satellite glial cells, and the blood). Nociceptors have potent
excitatory effects on pain pathways (indicated by DH neurons) and on circuits
subserving somatic and visceral functions (not shown). LTP at DH synapses
can be produced by somal and peripheral SA and afterdischarge, facilitated by
the nociceptor hyperfunctional state (including the somal hyperexcitable/SA
[HSA] state). Nociceptor activity produces central sensitization, promotes
spontaneous and evoked pain, and enhances somatic and visceral reflexes.
Nociceptor activity also leads to positive feedback interactions with
postsynaptic neurons, other DRG somata, inflammatory cells (microglia,
infiltrating macrophages, and T cells), astrocytes, and satellite glial cells.
Similar interactions of peripheral branches with surrounding cells are
possible, but are less likely after central than peripheral injury and are not
indicated here. Because SCI severs or demyelinates many ascending fibers,
much of the activity in pain pathways generated below the injury level may be
blocked, although residual pathways (illustrated) are likely to contribute to the
sensation of below-level pain in cases of incomplete SCI. Conversely,
interruption of descending inhibitory pathways enhances spinal excitability,
promoting entry of nociceptors into the hyperfunctional state and further
increasing the somatic and autonomic hyperreflexia and visceral dysfunction
driven by SA in below-level nociceptors. Nociceptor SA generated
immediately above the injury level should have ready access to intact spinal
circuits and projection neurons in pain pathways, contributing to central
sensitization, behavioral hypersensitivity, and at-level pain. At-level nociceptor
alterations may involve additional signals generated by direct damage to the
nociceptor (axotomy) and to nearby cells.
Long-lasting changes in intrinsic functional properties of pri-
mary sensory neurons are likely to depend upon changes in gene
expression in these neurons (e.g., Lewin andWalters, 1999; Woolf
and Costigan, 1999; Thompson et al., 2004; Lee et al., 2008; von
Schack et al., 2011), although continuing exposure to extrin-
sic signals might also maintain functional changes (see below).
Assuming that changes in nociceptor gene transcription are
necessary for a persistent hyperfunctional state, what types of
information does a nociceptor nucleus use to decide whether to
enter this state?
One potential set of signals that will not be emphasized
here is produced by direct injury (axotomy) to the nociceptor’s
own branches. This includes immediate injury discharge and
both positive injury signals (e.g., activated protein kinases), and
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negative injury signals (e.g., a decrease in target-derived growth
factors) transported fromdamaged axons to the nucleus (Ambron
and Walters, 1996). Persistent functional changes in primary
afferent neurons associated with changes in gene expression
are prominent in axotomizing peripheral nerve injury models
(e.g., Obata et al., 2003; Persson et al., 2009). Axotomy-induced
and demyelination-dependent signals, especially in nociceptors
and other primary afferent neurons close to the injury level, may
also contribute to chronic pain after SCI, as may other effects at
the injury site, such as glial scarring. The constellation of injury
signals expressed solely at the spinal injury level is likely to con-
tribute to at-level pain and may distinguish SCI pain from other
forms of chronic pain. These at-level injurious effects may not
contribute directly to below-level or above-level pain.
In contrast, the present hypothesis focuses on signals caus-
ing alterations in nociceptors that have not been injured. SA
and hyperexcitability or sensitization are prominent in nocicep-
tors distant from a T10 contusion site (in neurons from lumbar
and cervical DRG), which are unlikely to have axons project-
ing close enough to the lesion to experience axotomy or other
forms of direct damage (Carlton et al., 2009; Bedi et al., 2010;
see also Chung et al., 1979; Traub et al., 1990; Huang et al., 2006).
Furthermore, uninjured nociceptors after SCI (Bedi et al., 2010)
display much higher incidence of SA than reported for peripher-
ally axotomized nociceptors (Liu et al., 2000; Djouhri et al., 2006).
A functional consideration is that signals of injury to a nocicep-
tor’s own branches (axotomy signals) provide little information to
the soma about the severity of a bodily injury because the natural
signal source is restricted to a single, small receptive field. As out-
lined in the following sections, I propose that nociceptors assess
the severity of peripheral injury by integrating nociceptive infor-
mation coming from the spinal cord, other cells within the DRG,
and blood, and that SCI happens to produce similar combinations
of signals, leading to a maladaptive induction of the nociceptor
hyperfunctional state.
CENTRAL INFLAMMATORY SIGNALS ARE HYPOTHESIZED
TO PROVIDE INJURY-RELATED INFORMATION TO
NOCICEPTORS
In the periphery, prolonged or repeated inflammation in the
absence of axotomy often causes generation of nociceptor SA
near a site of inflammation in peripheral terminals (Djouhri
et al., 2006; Xiao and Bennett, 2007), along uninjured axons adja-
cent to degenerating axons (Campbell, 2001; Wu et al., 2001),
and within the DRG (Xie et al., 2006; Huang et al., 2011).
Inflammationmakesmajor contributions to chronic pain in some
peripheral neuropathy models that lack extensive axotomy (e.g.,
Clatworthy et al., 1995; Miller et al., 2009; Bastos et al., 2012).
Importantly, peripheral injury or inflammation produces cen-
tral inflammatory effects, including pronounced activation of
microglia in the dorsal horn (e.g., Fu et al., 1999; Xie et al.,
2009; Kim and Moalem-Taylor, 2011). After SCI (Figure 1),
the central branches of nociceptors are exposed for long peri-
ods to inflammatory mediators released by resident microglia
and infiltrating immune cells (Alexander and Popovich, 2009;
Byrnes et al., 2011), as well as cytokines and chemokines released
from astroglia and even from nociceptors themselves (see Miller
et al., 2009). Enhanced expression of cytokines is found near
the injury site and also in distant spinal segments months after
SCI (Detloff et al., 2008; Hulsebosch, 2008; Sandhir et al., 2011).
Although little is yet known about effects of central inflam-
mation on nociceptors, peripheral inflammation or treatment
with inflammatory mediators causes an upregulation in DRG
neurons of numerous molecules that can increase nociceptor
excitability, including TRPV1 (Ji et al., 2002; Yu et al., 2008),
TRPA1 (Katsura et al., 2006), Nav1.7 (Strickland et al., 2008), and
Nav1.8 (Coggeshall et al., 2004; Villarreal et al., 2005; Strickland
et al., 2008). In addition, inflammation can downregulate K+
channels (La and Gebhart, 2011; Marsh et al., 2012). Whereas
alterations of axotomized nociceptors after nerve injury involve
reduced access to target-derived trophic factors, which can result
in conflicting effects on nociceptive function (e.g., decreased
expression of both Na+ and K+ channels) (Costigan et al.,
2009), alterations of uninjured nociceptors after inflammation
typically result in increased levels of trophic factors and other
inflammatorymediators, enhancing nociceptive function (e.g., by
increasing activity and expression of Na+ channels and decreas-
ing activity and expression of K+ channels) (Gold and Gebhart,
2010; Linley et al., 2010; Marsh et al., 2012). Although little is
known about the molecular alterations underlying SCI-induced
hyperexcitability and SA in nociceptors, the effects observed thus
far resemble those accompanying persistent peripheral inflam-
mation: increased sensitivity to capsaicin and upregulation of
TRPV1 channels (Wu et al., 2011), and a dependence upon
Nav1.8 channels (Yang et al., 2012), suggesting that the hyper-
functional state depends upon prolonged exposure of a nocicep-
tor’s central terminals (and perhaps its soma) to inflammatory
signals.
RETROGRADE SIGNALS FROM INTENSELY ACTIVATED
POSTSYNAPTIC NEURONS IN THE DORSAL HORN ARE
HYPOTHESIZED TO PROVIDE INJURY-RELATED
INFORMATION TO NOCICEPTORS
Summation within dorsal horn neurons of the synaptic effects
of numerous nociceptors activated by severe peripheral injury
and/or inflammation will lead to synaptic LTP, which is likely
to be accompanied by the generation of a series of retrograde
synaptic and axonal signals that are transported back to the
nucleus of presynaptic nociceptors (Parada et al., 2003; Perry
and Fainzilber, 2009; Ho et al., 2011). As one example of several
potential retrograde synaptic signals that might also be activated
after SCI, bidirectional ephrinB-EphB signaling between nocicep-
tors and dorsal horn neurons promotes long-lasting behavioral
hypersensitivity, LTP, and upregulation of ephrinB1 in nocicep-
tor somata after peripheral nerve injury (Song et al., 2008a,b).
After SCI (Figure 1) intense activation of postsynaptic neurons
in the dorsal horn will be produced by direct excitation from
active nociceptors and from activated microglia and astroglia, and
will be amplified by interruption of descending neural inhibi-
tion (Hains and Waxman, 2006; Hulsebosch, 2008; Carlton et al.,
2009; Marchand et al., 2009; Miller et al., 2009; Gwak et al., 2012).
Signaling from neurons and glia might also lead to initiation of
action potentials within the central terminals of nociceptors (Lin
et al., 2000; Price et al., 2009) that could signal retrogradely to
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the soma. Interestingly, continuing LTP of nociceptor synapses
might also be a direct consequence of SA in these cells. C-fiber
LTP in vivo occurs at very low firing frequencies (e.g., 2Hz)
(Drdla and Sandkuhler, 2008), well within the range of SA firing
rates observed after SCI (Bedi et al., 2010). SA-driven LTP and
retrograde signals arising during LTP might contribute to posi-
tive feedback interactions between nociceptors and postsynaptic
targets after SCI.
EXTRACELLULAR CHEMICAL SIGNALSWITHIN THE
DRG ARE HYPOTHESIZED TO PROVIDE INJURY-RELATED
INFORMATION TO NOCICEPTORS
Extracellular signals (in addition to the axonally transported
intracellular signals just described) are conveyed directly to cells
within the DRG after peripheral injury/inflammation and after
SCI (Figure 1). Peripheral injury and inflammation will acti-
vate numerous nociceptors and this electrical activity will lead
to release of neurotransmitters, including neuropeptides and
chemokines (Miller et al., 2009), not only from nociceptor ter-
minals in the dorsal horn, where they can activate neurons and
glia (Wen et al., 2007), but also from the somata of active noci-
ceptors within the DRG (Huang and Neher, 1996; Zhang and
Zhou, 2002; Zhang et al., 2007; Jung et al., 2008), leading to the
stimulation of satellite glial cells (Zhang et al., 2007), and proba-
bly other DRG neurons (Devor and Wall, 1990). Peripheral nerve
injury can lead to the infiltration of hematogenous immune cells
into the DRG (Kim and Moalem-Taylor, 2011) and spinal cord
(Grace et al., 2011). Similarly, spinal transection causes infiltra-
tion of macrophages and T cells into DRG close to and distant
from the injury site (McKay and McLachlan, 2004), where they
might stimulate nociceptor somata. Severe peripheral or central
injury will also cause the release of numerous extracellular signal-
ing molecules into the blood. For example, SCI causes systemic
inflammation (Gris et al., 2008) and long-term elevation of cir-
culating cytokines (Davies et al., 2007). Because the DRG, unlike
the CNS or nerves, lacks an effective vascular permeability barrier
(Abram et al., 2006; Jimenez-Andrade et al., 2008), nociceptor
somata and satellite glial cells will be fully exposed to systemic,
blood-borne signals of injury, and inflammation.
SEVERAL MECHANISMS ARE HYPOTHESIZED TO
MAINTAIN THE NOCICEPTOR HYPERFUNCTIONAL STATE
Three general possibilities exist for maintaining the hyper-
functional state: (1) continuing release of extrinsic signals,
such as inflammatory mediators, that continuously refresh
the hyperfunctional state, (2) positive feedback loops between
nociceptor activity and inflammatory and retrograde synap-
tic effects, and (3) switching of the nociceptor into a poten-
tially permanent intrinsic hyperfunctional state that remains
after the extrinsic induction signals fade (“nociceptor mem-
ory”). First, widespread inflammation may persist chronically
after SCI (Byrnes et al., 2011; Pajoohesh-Ganji and Byrnes, 2011).
Moreover, macrophages and microglia can show priming that
may outlast the apparent resolution of inflammation for weeks
(Hains et al., 2010), suggesting a form of cellular memory in
these inflammatory cells. Second, because activity in nocicep-
tors leads to the release or activation of signals from interacting
cells (postsynaptic neurons, glia, immune cells, neighboring DRG
neurons, and peripheral cells) that can stimulate the nocicep-
tors, ongoing positive feedback between nociceptors and various
target cells may contribute to the persistence of the nociceptor
hyperfunctional state (Miller et al., 2009; Xie et al., 2009). Third,
cellular memory within nociceptors may be particularly impor-
tant. The SCI-dependent somal HSA state was found to persist
for at least 1 day after isolation of nociceptors (Bedi et al., 2010),
but the full duration of this intrinsic state is unknown. Peripheral
models of chronic inflammatory pain show that nociceptor alter-
ations can persist for weeks in the absence of obvious continuing
inflammation. Notably, hyperalgesic priming is produced by a
single episode of acute cutaneous inflammation in a rat hind-
paw (e.g., from carrageenan injection) or brief injection of an
inflammatory signal (e.g., TNFα, NGF, and GDNF), which is fol-
lowed days or weeks after abatement of the resulting acute pain by
dramatically increased sensitivity of nociceptors to a subsequent
inflammatory challenge (usually injection of PGE2) (e.g., Aley
et al., 2000; Reichling and Levine, 2009; Alvarez et al., 2012;
Bogen et al., 2012). Moreover, repeated daily injections of PGE2
into a hindpaw under a condition (concurrent indomethacin
application) that avoids apparent tissue inflammation produce
behavioral hypersensitivity for at least 1 month afterwards, which
is accompanied by Nav1.8 upregulation and is dependent upon
Nav1.8 expression, suggesting a key role for intrinsically altered
nociceptors (Villarreal et al., 2005). A number of memory-like
modifications involving hyperexcitability and synaptic facilitation
have been described in various nociceptors (e.g., Walters et al.,
1991; Kandel, 2001; Weragoda et al., 2004; Bogen et al., 2012;
Zhang et al., 2012) and some of these modifications might be
triggered by signals associated with SCI.
SCI IS HYPOTHESIZED TO CAUSE MALADAPTIVE
ACTIVATION OF A NOCICEPTOR HYPERFUNCTIONAL
STATE THAT MAY BE BIOLOGICALLY ADAPTIVE AFTER
SEVERE PERIPHERAL BUT NOT CENTRAL INJURY
My central hypothesis is that severe peripheral injury (Figure 2A)
generates a complex set of central signals that triggers a bio-
logically adaptive and highly persistent nociceptor hyperfunc-
tional state, and that many of these signals are also generated
by SCI, resulting in maladaptive chronic pain and hyperreflexia
in SCI patients (Figure 2B). It is evident that chronic pain, like
other clinical consequences of SCI, is maladaptive for patients.
Furthermore, a long-lasting hyperfunctional state induced by SCI
should not be adaptive in the evolutionary sense of increasing
survival and reproductive success because SCI, like all major
CNS trauma, is almost always fatal to mammals in the absence
of medical intervention (Branco et al., 2007; Weil et al., 2008).
Any adaptiveness of this state must be for conditions other than
SCI—although SCI does provide an extremely favorable setting
for pathological recruitment of the nociceptor hyperfunctional
state (see below). The proposal that human SCI pain involves
the maladaptive recruitment of a nociceptor state that has adap-
tive functions under other conditions may seem questionable for
at least two reasons. First, the SCI-induced HSA state found in
isolated nociceptor somata might be a purely pathological effect,
perhaps amplified by the abnormal conditions of dissociated cell
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FIGURE 2 | Adaptive-maladaptive nociceptor hyperfunctional state
hypothesis. (A) Adaptive nociceptor-driven sensitization and pain after
severe peripheral injury. Compensation for permanent impairment of
peripheral sensory function and protection of weakened tissue are achieved
by enhancing the function of surviving nociceptors that innervate the region
of injury via peripheral sensitization and by peripheral and somal
hyperexcitability that produce SA, afterdischarge, LTP, and activation of central
neurons and glia. Some degree of localized chronic pain can be useful for
enhancing awareness of and protecting a chronically weakened body part.
The decision to enter a persistent hyperfunctional state requires integration
by the nociceptor soma of injury-related information from the peripheral
receptive field, other cells in the DRG, cells in the spinal cord, and signals in
the blood. (B) Maladaptive triggering of the nociceptor hyperfunctional state
by SCI. SCI leads to the generation of many of the same signals in the spinal
cord, DRG, and blood that are produced during severe peripheral injury,
switching numerous nociceptors into a persistent hyperfunctional state.
In this case the consequent sensitization, SA, hyperreflexia, and pain have no
adaptive functions.
culture (Zheng et al., 2007). However, the finding of SA generated
within DRG in vivo months after SCI (Bedi et al., 2010) suggests
that the nociceptor hyperfunctional state is not an artifact of cell
culture. Second, it has not yet been established in mammals that
severe peripheral injury induces a chronic hyperfunctional state
in nociceptors, or that such a state is adaptive in that context.
These assumptions are supported by the following arguments.
A shared function of nociceptors and the innate immune
system, which mediates most of the inflammatory responses
to trauma, is to protect the body during and after survivable
injury. This function is served by bidirectional communication
between nociceptors and the innate immune system, including
granulocytes and macrophages in the periphery, and resident
microglia in the spinal cord (Miller et al., 2009). The adaptive
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immune system also appears to play a role after peripheral injury,
with T cells crossing the blood-spinal cord barrier and pro-
moting pain by interactions with microglia (Grace et al., 2011).
More severe injuries are associated with greater inflammation
and longer periods of repair and recovery. Whereas severe CNS
injuries are fatal in the absence of medical care, many animals
can sometimes survive quite severe peripheral injuries, especially
to appendages, without medical treatment. Examples include
accounts of wolves surviving after loss of a limb in a trap, and
humans surviving the amputation of digits or even limbs with-
out medical care. A common consequence of severe peripheral
injury is incomplete recovery of tissue function (Figure 2A),
especially if muscle, bone, and nerves are seriously damaged.
Resulting sensory loss can be a life-threatening problem because
damaged tissue is especially vulnerable, both to inadvertent self-
inflicted injury during movement and to attacks from predators
and parasites that are attracted to signs of bodily injury (Walters,
1994).
Sensitization to mechanical and other types of stimuli, as
well as additional hyperfunctional changes in surviving sen-
sory fibers in and around injured tissue can both compensate
for loss of sensory function and help protect the vulnerable
region by promoting protective behavior (Walters, 1994; Smith
and Lewin, 2009). Hyperfunctional alterations in nociceptors
include peripheral sensitization and hyperexcitability (Gold and
Gebhart, 2010), with the latter expressed not only as lower
action potential threshold but as afterdischarge (Clatworthy and
Walters, 1993; Gasull et al., 2005; Weng et al., 2012) and SA.
Sensory function can also be enhanced by increasing the synaptic
effectiveness of surviving nociceptors, which occurs after periph-
eral inflammation and nerve injury (Walters et al., 1991; Woolf
and Costigan, 1999; Ikeda et al., 2006; Song et al., 2008a,b;
Zhao et al., 2010), and is likely after SCI (Tan and Waxman,
2012). These effects should be coordinated with restoration
of sensory function by regenerative and compensatory growth
(sprouting) in peripheral and potentially central compartments
of the nociceptor (Kinnman and Aldskogius, 1986; Doucette
and Diamond, 1987; Billy and Walters, 1989; Steffensen et al.,
1995; Belyantseva and Lewin, 1999; Hill et al., 2010; Bedi et al.,
2012). Hyperfunctional alterations might, in addition, include
enhanced sensitivity of nociceptors to chemical signals associated
with injury (Song et al., 2003b), such as endogenous activa-
tors of TRPV1 channels (Patapoutian et al., 2009; Patwardhan
et al., 2009; Diogenes et al., 2011; Wu et al., 2011). Traumatic
injuries accompanied by extensive tissue disruption are likely
to interrupt pathways that permit successful sensory regener-
ation or compensatory sprouting, so that substantial amounts
of tissue may remain deprived of sensory innervation after tis-
sue repairs are completed and inflammation subsides. In such
cases it could be adaptive for compensatory alterations to per-
sist for very long periods, perhaps for the remainder of the
injured animal’s reproductive life. Indeed, selection for persis-
tent compensatory alterations in phylogenetically ancient sensory
neurons after severe peripheral injury has been suggested as
an early stage in the evolution of mechanisms that later found
uses in some forms of long-term memory (Walters and Moroz,
2009).
Hyperfunctional alterations in low-threshold primary affer-
ent neurons that detect innocuous stimuli and can elicit rapid
defensive responses to potentially threatening but not tissue-
damaging stimuli could also be adaptive after severe peripheral
trauma. Even though Aβ-type neurons exhibit SA and other alter-
ations in some chronic pain models (e.g., Gracely et al., 1992;
Devor, 2009; Song et al., 2003a, 2006, 2012; Xie et al., 2012),
it is not yet known if low-threshold mechanosensory neurons
express a persistent, intrinsic hyperfunctional state after injury or
inflammation.
THE NOCICEPTOR SOMA CAN BE A SITE FOR THE
GENERATION OF ADAPTIVE ELECTRICAL ACTIVITY
In principle, somal as well as peripheral and synaptic alterations
in nociceptors are likely to help compensate for loss of peripheral
sensory branches after severe peripheral injury (and to con-
tribute to pain after SCI, and perhaps to phantom pains after
amputation). Somata of nociceptors identified thus far in verte-
brates, molluscs, and annelids are often located centrally, distant
from their peripheral receptive fields, which ensures that these
cells can survive sublethal injury that destroys their peripheral
branches. In themollusc, Aplysia, peripheral injury induces somal
hyperexcitability lasting months that amplifies brief bursts of
action potentials arriving from the periphery by generating high-
frequency afterdischarge (Clatworthy and Walters, 1993; Gasull
et al., 2005), and similar afterdischarge has been described in the
somata of mammalian Aβ afferent neurons (Song et al., 2012).
This possibility has not yet been tested in the somata of verte-
brate nociceptors, although nociceptor afterdischarge is generated
peripherally (Weng et al., 2012). SA and enhanced discharge
generated anywhere within a nociceptor would be expected to
sensitize defensive responses, and could also stimulate conscious,
protective attention to the injured region (pain). In the case
of nociceptors that have lost peripheral branches in an injured
region, somally generated SA could achieve this result. Moreover,
even in nociceptors with surviving peripheral branches, somally
generated SA and afterdischarge may reach the CNSmore reliably
than activity generated peripherally. Under normal conditions
nociceptor action potentials are subject to significant conduc-
tion block where distal branches join the main axon (Sun et al.,
2012), and this conduction block should be greatly enhanced
by inflammatory conditions (e.g., via inactivating depolarization
of axons) and by structural changes associated with tissue dis-
ruption and the small diameters of regenerating fibers. Thus,
somally generated SA in a nociceptor innervating a severely
injured region may be an effective way to ensure maintained
sensitization of appropriate defensive responses and awareness
of a vulnerable part of the body that requires extra attention
(Figure 2A) even if regeneration of injured sensory fibers is
limited.
Why haven’t chronic, somally expressed HSA states in noci-
ceptors been reported previously in mammalian models of long-
lasting pain? Few chronic studies have tested somal excitability
in nociceptors, or recorded under conditions where nocicep-
tor SA generated in the DRG could be distinguished from SA
generated peripherally. Moreover, most studies of dissociated
nociceptors have examined ionic currents under voltage clamp,
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without testing for somal hyperexcitability or SA. In addition,
common models of long-lasting pain, including models based on
cutaneous injection of inflammogens, surgical incision models
(which produce relatively little inflammation or nerve damage),
and various nerve injury models may not mimic adequately
severe peripheral injuries that involve extensive amounts of tissue
destruction (including neural damage) combined with prolonged
inflammation—i.e., the traumatic conditions most likely to result
in chronic pain in humans. Thus, while standard pain mod-
els produce many sensitizing effects on nociceptors (Gold and
Gebhart, 2010), these pain models may not be severe enough to
induce the persistent somal HSA state in sufficient numbers of
nociceptors for it to be detected readily.
NOCICEPTOR SA MAY BE A USEFUL TARGET FOR
TREATING PAIN AND HYPERREFLEXIA AFTER SCI
Nociceptor activity has extremely powerful effects on sensation,
behavior, emotion, and autonomic function, so chronic activity
and hyperexcitability occurring in numerous nociceptors after
SCI would be expected to be clinically significant (Figure 2B).
Chronic SCI pain in humans can be felt in many parts of the body,
but is most commonly experienced in segments near the injury
(at-level pain) and below the injury (below-level pain) (Siddall
et al., 2003; Finnerup and Jensen, 2004). Spontaneous and evoked
activity in below-level nociceptors (Figure 1) should help excite
and sensitize local circuits mediating segmental responses such as
hindlimb withdrawal reflexes, and help drive below-level spon-
taneous pain, allodynia, and hyperalgesia. By definition, pain
includes an emotional, subjective component, which inmammals
involves cortical processing (e.g., Melzack, 2005; Neugebauer
et al., 2009). Thus, below-level pain caused by below-level noci-
ceptor activity would require that a sufficient number of ascend-
ing fibers remain functional (intact and still myelinated), and
this probably occurs in many incomplete spinal injuries (Wasner
et al., 2008; Densmore et al., 2010). However, observations that
moderate contusive injury in rats can eliminate supraspinally
mediated responses to below-level test stimuli (Baastrup et al.,
2010; Bedi et al., 2010), raise questions about the extent to which
below-level pain is driven by below-level neural activity in many
rodent SCI models. In addition to potentially promoting below-
level pain after incomplete SCI, below-level central sensitization
driven by nociceptor activity is likely to contribute to below-
level somatic and autonomic hyperreflexia, such as sensitized
responses of hindlimbs to mechanical and thermal test stimuli
(Waxman and Hains, 2006; Hulsebosch et al., 2009; Yezierski,
2009) or hypertensive autonomic dysreflexia (Rabchevsky, 2006).
Some DRG neurons innervate the viscera and most of these meet
the functional definition of nociceptor (Christianson and Davis,
2010; Gold and Gebhart, 2010). Enhanced activity occurring in
visceral nociceptors after SCI might contribute to visceral pain
(Siddall et al., 2003; Kogos et al., 2005) and other visceral prob-
lems, such as bladder and gastrointestinal dysfunction (de Groat
and Yoshimura, 2011; Fynne et al., 2012). Below-level somatic,
autonomic, and visceral effects of nociceptor activity are likely to
be enhanced by hyperexcitability of spinal circuits resulting from
disinhibition consequent to interruption of descending inhibitory
tracts by SCI (Lu et al., 2008) (Figure 1).
At-level alterations of nociceptors (Figure 1) are well situ-
ated for driving spontaneous and evoked at-level pain by direct
excitation of pain pathways and promotion of at- and above-
level central sensitization. Direct and indirect effects of injury on
many other cell types within the damaged region of the cord are
also likely to contribute to at-level pain (e.g., Yezierski, 2009).
Above-level neuropathic pain in human patients is much less
common than at- and below-level pain, although above-level
reflex hypersensitivity is readily produced in rodents (Carlton
et al., 2009; Densmore et al., 2010). An interesting possibility is
that somal SA in nociceptors, which in rats has been observed at
and below but not far above the injury level (Bedi et al., 2010),
is more important for driving conscious pain than is periph-
erally generated SA, which occurs in nociceptors far above the
injury level (Carlton et al., 2009). Consistent with this possibil-
ity, firing rates observed in nociceptors after SCI are substantially
higher for somal SA (∼1Hz) (Bedi et al., 2010) than periph-
eral SA (<0.1Hz) (Carlton et al., 2009). This would suggest that
forelimb hypersensitivity may occur with relatively little ongo-
ing pain in the forelimb, consistent with growing evidence that
hyperreflexia and conscious pain in rodents, as in humans, can
be poorly correlated after SCI (Baastrup et al., 2010). It will be
important to see if somal SA in nociceptors is correlated with
operant measures of SCI pain associated with different spinal lev-
els in rats. The correlation Bedi et al. (2010) found between SA
in nociceptors sampled at but not below a contusion site with
vocalization—a supraspinal response that is sometimes linked to
aversive behavior in rodents (e.g., Meagher et al., 2001)—suggests
that at-level somal SA might help to drive conscious pain in SCI
rats.
If SA (somally and peripherally generated) and other hyper-
functional alterations in nociceptors contribute significantly to
human at- and below level pain, as well as to hyperreflexia and vis-
ceral problems after SCI, pharmacological agents that selectively
target nociceptor hyperexcitability should be clinically useful.
A number of genes important for excitability are preferentially
expressed in nociceptors, raising the possibility that blocking
their function could ameliorate some of the suffering caused by
SCI while producing minimal side effects. Indeed, preliminary
results show that SA in dissociated nociceptors depends upon
nociceptor-specific Nav1.8 channels, and indicate that knocking
down the expression of these channels can attenuate behavioral
hypersensitivity after SCI (Yang et al., 2012). As efforts to develop
effective in vivo blockers of Nav1.8 channels and other nociceptor-
specific ion channels proceed, such drugs may become useful
for treating chronic pain in SCI and other conditions involving
hyperfunctional nociceptors.
ACKNOWLEDGMENTS
The author is grateful to Drs. Susan Carlton, Qing Yang, Zizhen
Wu, Robyn Crook, Supinder Bedi, Junhui Du, Raymond Grill,
and Harvey Fishman for contributions to the research and ideas
mentioned in this article, and to Drs. Patrick Dougherty and Jon
Levine for incisive comments. Work cited from the author’s lab
was supported by NIH grants NS061200 and NS35979 and grants
from the Christopher and Dana Reeve Foundation and Craig H.
Neilsen Foundation.
www.frontiersin.org August 2012 | Volume 3 | Article 309 | 9
Walters Hyperexcitable nociceptors and central pain
REFERENCES
Abdulla, F. A., and Smith, P. A. (2001).
Axotomy- and autotomy-induced
changes in the excitability of rat
dorsal root ganglion neurons. J.
Neurophysiol. 85, 630–643.
Abrahamsen, B., Zhao, J., Asante, C.
O., Cendan, C. M., Marsh, S.,
Martinez-Barbera, J. P., Nassar, M.
A., Dickenson, A. H., and Wood,
J. N. (2008). The cell and molec-
ular basis of mechanical, cold, and
inflammatory pain. Science 321,
702–705.
Abram, S. E., Yi, J., Fuchs, A., and
Hogan, Q. H. (2006). Permeability
of injured and intact peripheral
nerves and dorsal root ganglia.
Anesthesiology 105, 146–153.
Alexander, J. K., and Popovich, P.
G. (2009). Neuroinflammation
in spinal cord injury: therapeutic
targets for neuroprotection and
regeneration. Prog. Brain Res. 175,
125–137.
Aley, K. O., Messing, R. O., Mochly-
Rosen, D., and Levine, J. D. (2000).
Chronic hypersensitivity for inflam-
matory nociceptor sensitization
mediated by the epsilon isozyme
of protein kinase C. J. Neurosci. 20,
4680–4685.
Alvarez, P., Gear, R. W., Green, P.
G., and Levine, J. D. (2012). IB4-
saporin attenuates acute and elimi-
nates chronic muscle pain in the rat.
Exp. Neurol. 233, 859–865.
Ambron, R. T., and Walters, E. T.
(1996). Priming events and retro-
grade injury signals. A new per-
spective on the cellular and molec-
ular biology of nerve regeneration.
Mol. Neurobiol. 13, 61–79.
Baastrup, C., Maersk-Moller, C. C.,
Nyengaard, J. R., Jensen, T. S., and
Finnerup, N. B. (2010). Spinal-,
brainstem- and cerebrally mediated
responses at- and below-level of a
spinal cord contusion in rats: eval-
uation of pain-like behavior. Pain
151, 670–679.
Bastos, L. F., Medeiros, D. C., Vieira,
R. P., Watkins, L. R., Coelho, M.
M., and Moraes, M. F. (2012).
Intraneural dexamethasone applied
simultaneously to rat sciatic nerve
constriction delays the develop-
ment of hyperalgesia and allodynia.
Neurosci. Lett. 510, 20–23.
Bedi, S. S., Lago, M. T., Masha, L. I.,
Crook, R. J., Grill, R. J., and Walters,
E. T. (2012). Spinal cord injury trig-
gers an intrinsic growth-promoting
state in nociceptors. J. Neurotrauma
29, 925–935.
Bedi, S. S., Yang, Q., Crook, R. J., Du,
J., Wu, Z., Fishman, H. M., Grill,
R. J., Carlton, S. M., and Walters,
E. T. (2010). Chronic spontaneous
activity generated in the somata
of primary nociceptors is asso-
ciated with pain-related behavior
after spinal cord injury. J. Neurosci.
30, 14870–14882.
Belyantseva, I. A., and Lewin, G. R.
(1999). Stability and plasticity of
primary afferent projections follow-
ing nerve regeneration and central
degeneration. Eur. J. Neurosci. 11,
457–468.
Billy, A. J., and Walters, E. T. (1989).
Long-term expansion and sensiti-
zation of mechanosensory recep-
tive fields in Aplysia support an
activity-dependent model of whole-
cell sensory plasticity. J. Neurosci. 9,
1254–1262.
Bogen, O., Alessandri-Haber, N., Chu,
C., Gear, R. W., and Levine, J. D.
(2012). Generation of a pain mem-
ory in the primary afferent noci-
ceptor triggered by PKC{varepsilon}
activation of CPEB. J. Neurosci. 32,
2018–2026.
Branco, F., Cardenas, D. D., and Svircev,
J. N. (2007). Spinal cord injury: a
comprehensive review. Phys. Med.
Rehabil. Clin. N. Am. 18, 651–679.
Bruce, J. C., Oatway, M. A., andWeaver,
L. C. (2002). Chronic pain after clip-
compression injury of the rat spinal
cord. Exp. Neurol. 178, 33–48.
Byrnes, K. R., Washington, P. M.,
Knoblach, S. M., Hoffman, E., and
Faden, A. I. (2011). Delayed inflam-
matory mRNA and protein expres-
sion after spinal cord injury. J.
Neuroinflammation 8, 130.
Campbell, J. N. (2001). Nerve lesions
and the generation of pain. Muscle
Nerve 24, 1261–1273.
Carlton, S. M., Du, J., Ding, Z., Yang,
Q.,Wu, Z., andWalters, E. T. (2011).
Hemisection of thoracic spinal cord
results in chronic hyperexcitabil-
ity in primary nociceptors that is
expressed both in vivo and after
dissociation. Soc. Neurosci. Abstr.
706.08.
Carlton, S. M., Du, J., Tan, H. Y.,
Nesic, O., Hargett, G. L., Bopp, A.
C., Yamani, A., Lin, Q., Willis, W.
D., and Hulsebosch, C. E. (2009).
Peripheral and central sensitization
in remote spinal cord regions con-
tribute to central neuropathic pain
after spinal cord injury. Pain 147,
265–276.
Chew, D. J., Carlstedt, T., and
Shortland, P. J. (2011). A com-
parative histological analysis of
two models of nerve root avulsion
injury in the adult rat. Neuropathol.
Appl. Neurobiol. 37, 613–632.
Christianson, J. A., and Davis, B. M.
(2010). “The role of visceral affer-
ents in disease,” in Translational
Pain Research: From Mouse to Man,
eds L. Kruger and A. R. Light
(Boca Raton, FL: CRC Press),
51–76.
Christensen, M. D., and Hulsebosch,
C. E. (1997). Spinal cord injury
and anti-NGF treatment results in
changes in CGRP density and distri-
bution in the dorsal horn in the rat.
Exp. Neurol. 147, 463–475.
Chung, K., Langford, L. A.,
Applebaum, A. E., and Coggeshall,
R. E. (1979). Primary afferent fibers
in the tract of Lissauer in the rat. J.
Comp. Neurol. 184, 587–598.
Clatworthy, A. L., Illich, P. A., Castro,
G. A., and Walters, E. T. (1995).
Role of peri-axonal inflammation in
the development of thermal hyper-
algesia and guarding behavior in
a rat model of neuropathic pain.
Neurosci. Lett. 184, 5–8.
Clatworthy, A. L., and Walters, E. T.
(1993). Rapid amplification and
facilitation of mechanosensory
discharge in Aplysia by noxious
stimulation. J. Neurophysiol. 70,
1181–1194.
Coggeshall, R. E., Tate, S., and Carlton,
S. M. (2004). Differential expression
of tetrodotoxin-resistant sodium
channels Nav1.8 and Nav1.9 in
normal and inflamed rats. Neurosci.
Lett. 355, 45–48.
Costigan, M., Scholz, J., and Woolf,
C. J. (2009). Neuropathic pain: a
maladaptive response of the ner-
vous system to damage. Annu. Rev.
Neurosci. 32, 1–32.
Davies, A. L., Hayes, K. C., and
Dekaban, G. A. (2007). Clinical cor-
relates of elevated serum concen-
trations of cytokines and autoanti-
bodies in patients with spinal cord
injury. Arch. Phys. Med. Rehabil. 88,
1384–1393.
Davoody, L., Quiton, R. L., Lucas, J.
M., Ji, Y., Keller, A., and Masri, R.
(2011). Conditioned place prefer-
ence reveals tonic pain in an animal
model of central pain. J. Pain 12,
868–874.
de Groat, W. C., and Yoshimura, N.
(2010). Changes in afferent activity
after spinal cord injury. Neurourol.
Urodyn. 29, 63–76.
de Groat, W. C., and Yoshimura, N.
(2011). Plasticity in reflex pathways
to the lower urinary tract following
spinal cord injury. Exp. Neurol. 235,
123–132.
Densmore, V. S., Kalous, A., Keast,
J. R., and Osborne, P. B. (2010).
Above-level mechanical hyper-
algesia in rats develops after
incomplete spinal cord injury but
not after cord transection, and is
reversed by amitriptyline, mor-
phine and gabapentin. Pain 151,
184–193.
Detloff, M. R., Fisher, L. C., McGaughy,
V., Longbrake, E. E., Popovich, P. G.,
and Basso, D. M. (2008). Remote
activation of microglia and pro-
inflammatory cytokines predict the
onset and severity of below-level
neuropathic pain after spinal cord
injury in rats. Exp. Neurol. 212,
337–347.
Devor, M. (2009). Ectopic discharge in
Abeta afferents as a source of neu-
ropathic pain. Exp. Brain Res. 196,
115–128.
Devor, M., and Wall, P. D. (1990).
Cross-excitation in dorsal root gan-
glia of nerve-injured and intact rats.
J. Neurophysiol. 64, 1733–1746.
Diogenes, A., Ferraz, C. C., Akopian, A.
N., Henry, M. A., and Hargreaves,
K. M. (2011). LPS sensitizes TRPV1
via activation of TLR4 in trigemi-
nal sensory neurons. J. Dent. Res. 90,
759–764.
Djouhri, L., Koutsikou, S., Fang, X.,
McMullan, S., and Lawson, S. N.
(2006). Spontaneous pain, both
neuropathic and inflammatory, is
related to frequency of spontaneous
firing in intact C-fiber nociceptors.
J. Neurosci. 26, 1281–1292.
Doucette, R., and Diamond, J. (1987).
Normal and precocious sprouting of
heat nociceptors in the skin of adult
rats. J. Comp. Neurol. 261, 592–603.
Drdla, R., and Sandkuhler, J. (2008).
Long-term potentiation at C-fibre
synapses by low-level presynaptic
activity in vivo. Mol. Pain 4, 18.
Du, J., Ding, Z., Yang, Q., Wu, Z.,
and Walters, E. T. (2011). Dorsal
root avulsion of T13/L1 spinal seg-
ments results in chronic hyper-
excitability in nociceptors that is
expressed in in vitro recordings from
fibers and in DRG after dissociation.
Soc. Neurosci. Abstr. 706.07.
Finnerup, N. B. (2008). A review of cen-
tral neuropathic pain states. Curr.
Opin. Anaesthesiol. 21, 586–589.
Finnerup, N. B., and Jensen, T. S.
(2004). Spinal cord injury pain–
mechanisms and treatment. Eur. J.
Neurol. 11, 73–82.
Fu, K. Y., Light, A. R., Matsushima,
G. K., and Maixner, W. (1999).
Microglial reactions after subcuta-
neous formalin injection into the rat
hind paw. Brain Res. 825, 59–67.
Fynne, L., Worsoe, J., Gregersen, T.,
Schlageter, V., Laurberg, S., and
Krogh, K. (2012). Gastric and small
intestinal dysfunction in spinal cord
injury patients. Acta Neurol. Scand.
125, 123–128.
Gasull, X., Liao, X., Dulin, M. F.,
Phelps, C., andWalters, E. T. (2005).
Evidence that long-term hyperex-
citability of the sensory neuron
soma induced by nerve injury in
Frontiers in Physiology | Integrative Physiology August 2012 | Volume 3 | Article 309 | 10
Walters Hyperexcitable nociceptors and central pain
Aplysia is adaptive. J. Neurophysiol.
94, 2218–2230.
Gold, M. S., and Gebhart, G. F.
(2010). Nociceptor sensitization in
pain pathogenesis. Nat. Med. 16,
1248–1257.
Grace, P. M., Rolan, P. E., and
Hutchinson, M. R. (2011).
Peripheral immune contribu-
tions to the maintenance of central
glial activation underlying neuro-
pathic pain. Brain Behav. Immun.
25, 1322–1332.
Gracely, R. H., Lynch, S. A., and
Bennett, G. J. (1992). Painful neu-
ropathy: altered central processing
maintained dynamically by periph-
eral input. Pain 51, 175–194.
Gris, D., Hamilton, E. F., and Weaver,
L. C. (2008). The systemic inflam-
matory response after spinal cord
injury damages lungs and kidneys.
Exp. Neurol. 211, 259–270.
Gwak, Y. S., Crown, E. D., Unabia, G.
C., and Hulsebosch, C. E. (2008).
Propentofylline attenuates allody-
nia, glial activation and modulates
GABAergic tone after spinal cord
injury in the rat. Pain 138, 410–422.
Gwak, Y. S., and Hulsebosch, C. E.
(2011). Neuronal hyperexcitability:
a substrate for central neuropathic
pain after spinal cord injury. Curr.
Pain Headache Rep. 15, 215–222.
Gwak, Y. S., Kang, J., Unabia, G. C., and
Hulsebosch, C. E. (2012). Spatial
and temporal activation of spinal
glial cells: role of gliopathy in central
neuropathic pain following spinal
cord injury in rats. Exp. Neurol. 234,
362–372.
Hains, B. C., Klein, J. P., Saab, C.
Y., Craner, M. J., Black, J. A.,
and Waxman, S. G. (2003).
Upregulation of sodium channel
Nav1.3 and functional involvement
in neuronal hyperexcitability asso-
ciated with central neuropathic pain
after spinal cord injury. J. Neurosci.
23, 8881–8892.
Hains, B. C., Saab, C. Y., and Waxman,
S. G. (2005). Changes in elec-
trophysiological properties and
sodium channel Nav1.3 expression
in thalamic neurons after spinal
cord injury. Brain 128, 2359–2371.
Hains, B. C., andWaxman, S. G. (2006).
Activated microglia contribute to
the maintenance of chronic pain
after spinal cord injury. J. Neurosci.
26, 4308–4317.
Hains, L. E., Loram, L. C., Weiseler,
J. L., Frank, M. G., Bloss, E. B.,
Sholar, P., Taylor, F. R., Harrison,
J. A., Martin, T. J., Eisenach, J. C.,
Maier, S. F., and Watkins, L. R.
(2010). Pain intensity and duration
can be enhanced by prior challenge:
initial evidence suggestive of a role
of microglial priming. J. Pain 11,
1004–1014.
Helgren, M. E., and Goldberger, M.
E. (1993). The recovery of pos-
tural reflexes and locomotion fol-
lowing low thoracic hemisection in
adult cats involves compensation by
undamaged primary afferent path-
ways. Exp. Neurol. 123, 17–34.
Hill, C. E., Harrison, B. J., Rau, K.
K., Hougland, M. T., Bunge, M.
B., Mendell, L. M., and Petruska,
J. C. (2010). Skin incision induces
expression of axonal regeneration-
related genes in adult rat spinal sen-
sory neurons. J. Pain 11, 1066–1073.
Ho, V. M., Lee, J. A., and Martin, K. C.
(2011). The cell biology of synaptic
plasticity. Science 334, 623–628.
Hou, S., Duale, H., and Rabchevsky,
A. G. (2009). Intraspinal sprout-
ing of unmyelinated pelvic afferents
after complete spinal cord injury
is correlated with autonomic dys-
reflexia induced by visceral pain.
Neuroscience 159, 369–379.
Huang, L. Y., and Neher, E. (1996).
Ca(2+)-dependent exocytosis in the
somata of dorsal root ganglion neu-
rons. Neuron 17, 135–145.
Huang, W. L., Robson, D., Liu, M. C.,
King, V. R., Averill, S., Shortland,
P. J., and Priestley, J. V. (2006).
Spinal cord compression and dor-
sal root injury cause up-regulation
of activating transcription factor-3
in large-diameter dorsal root gan-
glion neurons. Eur. J. Neurosci. 23,
273–278.
Huang, Z. J., Hsu, E., Li, H. C., Rosner,
A. L., Rupert, R. L., and Song, X. J.
(2011). Topical application of com-
pound Ibuprofen suppresses pain
by inhibiting sensory neuron hyper-
excitability and neuroinflammation
in a rat model of intervertebral
foramen inflammation. J. Pain 12,
141–152.
Hulsebosch, C. E. (2008). Gliopathy
ensures persistent inflammation
and chronic pain after spinal cord
injury. Exp. Neurol. 214, 6–9.
Hulsebosch, C. E., Hains, B. C., Crown,
E. D., and Carlton, S. M. (2009).
Mechanisms of chronic central neu-
ropathic pain after spinal cord
injury. Brain Res. Rev. 60, 202–213.
Ikeda, H., Stark, J., Fischer, H.,
Wagner, M., Drdla, R., Jager, T.,
and Sandkuhler, J. (2006). Synaptic
amplifier of inflammatory pain in
the spinal dorsal horn. Science 312,
1659–1662.
Jarvis, M. F., Honore, P., Shieh, C. C.,
Chapman, M., Joshi, S., Zhang, X.
F., Kort, M., Carroll, W., Marron,
B., Atkinson, R., Thomas, J., Liu, D.,
Krambis, M., Liu, Y., McGaraughty,
S., Chu, K., Roeloffs, R., Zhong,
C., Mikusa, J. P., Hernandez, G.,
Gauvin, D., Wade, C., Zhu, C., Pai,
M., Scanio, M., Shi, L., Drizin, I.,
Gregg, R., Matulenko, M., Hakeem,
A., Gross, M., Johnson, M., Marsh,
K., Wagoner, P. K., Sullivan, J.
P., Faltynek, C. R., and Krafte,
D. S. (2007). A-803467, a potent
and selective Nav1.8 sodium chan-
nel blocker, attenuates neuropathic
and inflammatory pain in the rat.
Proc. Natl. Acad. Sci. U.S.A. 104,
8520–8525.
Ji, R. R., Samad, T. A., Jin, S. X.,
Schmoll, R., andWoolf, C. J. (2002).
p38 MAPK activation by NGF
in primary sensory neurons after
inflammation increases TRPV1 lev-
els and maintains heat hyperalgesia.
Neuron 36, 57–68.
Jimenez-Andrade, J. M., Herrera, M.
B., Ghilardi, J. R., Vardanyan, M.,
Melemedjian, O. K., and Mantyh,
P. W. (2008). Vascularization of the
dorsal root ganglia and peripheral
nerve of the mouse: implications for
chemical-induced peripheral sen-
sory neuropathies. Mol. Pain 4, 10.
Jung, H., Toth, P. T., White, F. A.,
and Miller, R. J. (2008). Monocyte
chemoattractant protein-1 func-
tions as a neuromodulator in dorsal
root ganglia neurons. J. Neurochem.
104, 254–263.
Kalous, A., Osborne, P. B., and Keast,
J. R. (2007). Acute and chronic
changes in dorsal horn innervation
by primary afferents and descending
supraspinal pathways after spinal
cord injury. J. Comp. Neurol. 504,
238–253.
Kalous, A., Osborne, P. B., and Keast, J.
R. (2009). Spinal cord compression
injury in adult rats initiates changes
in dorsal horn remodeling that may
correlate with development of neu-
ropathic pain. J. Comp. Neurol. 513,
668–684.
Kandel, E. R. (2001). The molecular
biology of memory storage: a dia-
logue between genes and synapses.
Science 294, 1030–1038.
Katsura, H., Obata, K., Mizushima,
T., Yamanaka, H., Kobayashi, K.,
Dai, Y., Fukuoka, T., Tokunaga,
A., Sakagami, M., and Noguchi, K.
(2006). Antisense knock down of
TRPA1, but not TRPM8, alleviates
cold hyperalgesia after spinal nerve
ligation in rats. Exp. Neurol. 200,
112–123.
Kim, C. F., and Moalem-Taylor, G.
(2011). Detailed characterization of
neuro-immune responses following
neuropathic injury in mice. Brain
Res. 1405, 95–108.
Kinnman, E., and Aldskogius, H.
(1986). Collateral sprouting of
sensory axons in the glabrous skin
of the hindpaw after chronic sciatic
nerve lesion in adult and neonatal
rats: a morphological study. Brain
Res. 377, 73–82.
Kogos, S. C. J., Richards, J. S., Banos,
J. H., Ness, T. J., Charlifue, S. W.,
Whiteneck, G. G., and Lammertse,
D. P. (2005). Visceral pain and life
quality in persons with spinal cord
Injury: a brief report. J. Spinal Cord
Med. 28, 333–337.
Krenz, N. R., and Weaver, L. C.
(1998). Sprouting of primary affer-
ent fibers after spinal cord tran-
section in the rat. Neuroscience 85,
443–458.
La, J. H., and Gebhart, G. F. (2011).
Colitis decreases mechanosensitive
K2P channel expression and func-
tion in mouse colon sensory neu-
rons. Am. J. Physiol. Gastrointest.
Liver Physiol. 301, G165–G174.
Lai, J., Gold, M. S., Kim, C. S., Bian,
D., Ossipov, M. H., Hunter, J. C.,
and Porreca, F. (2002). Inhibition
of neuropathic pain by decreased
expression of the tetrodotoxin-
resistant sodium channel, NaV1.8.
Pain 95, 143–152.
Lee, Y. S., Bailey, C. H., Kandel,
E. R., and Kaang, B. K. (2008).
Transcriptional regulation of long-
term memory in the marine snail
Aplysia. Mol. Brain 1, 3.
Lewin, M. R., and Walters, E. T. (1999).
Cyclic GMP pathway is critical for
inducing long-term sensitization of
nociceptive sensory neurons. Nat.
Neurosci. 2, 18–23.
Lin, Q., Zou, X., and Willis, W. D.
(2000). Adelta and C primary affer-
ents convey dorsal root reflexes
after intradermal injection of cap-
saicin in rats. J. Neurophysiol. 84,
2695–2698.
Linley, J. E., Rose, K., Ooi, L., and
Gamper, N. (2010). Understanding
inflammatory pain: ion channels
contributing to acute and chronic
nociception. Pflugers Arch. 459,
657–669.
Liu, X., Eschenfelder, S., Blenk, K.
H., Janig, W., and Habler, H.
(2000). Spontaneous activity of axo-
tomized afferent neurons after L5
spinal nerve injury in rats. Pain 84,
309–318.
Lu, Y., Zheng, J., Xiong, L.,
Zimmermann, M., and Yang, J.
(2008). Spinal cord injury-induced
attenuation of GABAergic inhibi-
tion in spinal dorsal horn circuits
is associated with down-regulation
of the chloride transporter
KCC2 in rat. J. Physiol. 586,
5701–5715.
Ma, C., and LaMotte, R. H. (2005).
Enhanced excitability of dissoci-
ated primary sensory neurons after
www.frontiersin.org August 2012 | Volume 3 | Article 309 | 11
Walters Hyperexcitable nociceptors and central pain
chronic compression of the dorsal
root ganglion in the rat. Pain 113,
106–112.
Marchand, F., Tsantoulas, C., Singh, D.,
Grist, J., Clark, A. K., Bradbury, E. J.,
and McMahon, S. B. (2009). Effects
of etanercept and minocycline in
a rat model of spinal cord injury.
Eur. J. Pain 13, 673–681.
Marsh, B., Acosta, C., Djouhri, L., and
Lawson, S. N. (2012). Leak K(+)
channel mRNAs in dorsal root gan-
glia: relation to inflammation and
spontaneous pain behaviour. Mol.
Cell. Neurosci. 49, 375–386.
Masri, R., Quiton, R. L., Lucas, J. M.,
Murray, P. D., Thompson, S.M., and
Keller, A. (2009). Zona incerta: a
role in central pain. J. Neurophysiol.
102, 181–191.
McKay, S. M., and McLachlan, E. M.
(2004). Inflammation of rat dorsal
root ganglia below a mid-thoracic
spinal transection. Neuroreport 15,
1783–1786.
Meagher, M. W., Ferguson, A. R.,
Crown, E. D., McLemore, S., King,
T. E., Sieve, A. N., and Grau, J.
W. (2001). Shock-induced hyperal-
gesia: IV. Generality. J. Exp. Psychol.
Anim. Behav. Process. 27, 219–238.
Meisner, J. G., Marsh, A. D., andMarsh,
D. R. (2010). Loss of GABAergic
interneurons in laminae I-III of the
spinal cord dorsal horn contributes
to reduced GABAergic tone and
neuropathic pain after spinal cord
injury. J. Neurotrauma 27, 729–737.
Melzack, R. (2005). Evolution of the
neuromatrix theory of pain. The
Prithvi Raj Lecture: presented at
the third World Congress of World
Institute of Pain, Barcelona 2004.
Pain Pract. 5, 85–94.
Miller, R. J., Jung, H., Bhangoo, S. K.,
and White, F. A. (2009). Cytokine
and chemokine regulation of sen-
sory neuron function. Handb. Exp.
Pharmacol. 194, 417–449.
Neugebauer, V., Galhardo, V., Maione,
S., and Mackey, S. C. (2009).
Forebrain pain mechanisms. Brain
Res. Rev. 60, 226–242.
Obata, K., Yamanaka, H., Fukuoka, T.,
Yi, D., Tokunaga, A., Hashimoto,
N., Yoshikawa, H., and Noguchi,
K. (2003). Contribution of injured
and uninjured dorsal root ganglion
neurons to pain behavior and the
changes in gene expression follow-
ing chronic constriction injury of
the sciatic nerve in rats. Pain 101,
65–77.
Ondarza, A. B., Ye, Z., and Hulsebosch,
C. E. (2003). Direct evidence of
primary afferent sprouting in dis-
tant segments following spinal cord
injury in the rat: colocalization of
GAP-43 and CGRP. Exp. Neurol.
184, 373–380.
Pajoohesh-Ganji, A., and Byrnes, K. R.
(2011). Novel neuroinflammatory
targets in the chronically injured
spinal cord. Neurotherapeutics 8,
195–205.
Parada, C. A., Vivancos, G. G., Tambeli,
C. H., Cunha, F. Q., and Ferreira,
S. H. (2003). Activation of presy-
naptic NMDA receptors coupled
to NaV1.8-resistant sodium chan-
nel C-fibers causes retrograde
mechanical nociceptor sensitiza-
tion. Proc. Natl. Acad. Sci. U.S.A.
100, 2923–2928.
Patapoutian, A., Tate, S., and Woolf, C.
J. (2009). Transient receptor poten-
tial channels: targeting pain at the
source. Nat. Rev. Drug Discov. 8,
55–68.
Patwardhan, A. M., Scotland, P. E.,
Akopian, A. N., and Hargreaves, K.
M. (2009). Activation of TRPV1 in
the spinal cord by oxidized linoleic
acid metabolites contributes
to inflammatory hyperalgesia.
Proc. Natl. Acad. Sci. U.S.A. 106,
18820–18824.
Perry, R. B., and Fainzilber, M. (2009).
Nuclear transport factors in neu-
ronal function. Semin. Cell Dev.
Biol. 20, 600–606.
Persson, A. K., Gebauer, M., Jordan,
S., Metz-Weidmann, C., Schulte,
A. M., Schneider, H. C., Ding-
Pfennigdorff, D., Thun, J., Xu, X.
J., Wiesenfeld-Hallin, Z., Darvasi,
A., Fried, K., and Devor, M. (2009).
Correlational analysis for iden-
tifying genes whose regulation
contributes to chronic neuropathic
pain. Mol. Pain 5, 7.
Petersen, M., Zhang, J., Zhang, J.
M., and LaMotte, R. H. (1996).
Abnormal spontaneous activity and
responses to norepinephrine in dis-
sociated dorsal root ganglion cells
after chronic nerve constriction.
Pain 67, 391–397.
Pitcher, G. M., and Henry, J. L. (2008).
Governing role of primary affer-
ent drive in increased excitation
of spinal nociceptive neurons in a
model of sciatic neuropathy. Exp.
Neurol. 214, 219–228.
Price, T. J., Cervero, F., Gold, M. S.,
Hammond, D. L., and Prescott, S. A.
(2009). Chloride regulation in the
pain pathway. Brain Res. Rev. 60,
149–170.
Rabchevsky, A. G. (2006). Segmental
organization of spinal reflexes medi-
ating autonomic dysreflexia after
spinal cord injury. Prog. Brain Res.
152, 265–274.
Reichling, D. B., and Levine, J. D.
(2009). Critical role of nociceptor
plasticity in chronic pain. Trends
Neurosci. 32, 611–618.
Roza, C., Laird, J. M., Souslova,
V., Wood, J. N., and Cervero, F.
(2003). The tetrodotoxin-resistant
Na+ channel Nav1.8 is essential
for the expression of sponta-
neous activity in damaged sensory
axons of mice. J. Physiol. 550,
921–926.
Sandhir, R., Gregory, E., He, Y. Y., and
Berman, N. E. (2011). Upregulation
of inflammatory mediators in a
model of chronic pain after spinal
cord injury. Neurochem. Res. 36,
856–862.
Siddall, P. J., McClelland, J. M.,
Rutkowski, S. B., and Cousins, M.
J. (2003). A longitudinal study of
the prevalence and characteristics
of pain in the first 5 years follow-
ing spinal cord injury. Pain 103,
249–257.
Smith, E. S., and Lewin, G. R. (2009).
Nociceptors: a phylogenetic view.
J. Comp. Physiol. A Neuroethol.
Sens. Neural. Behav. Physiol. 195,
1089–1106.
Song, X. J., Cao, J. L., Li, H. C., Zheng,
J. H., Song, X. S., and Xiong, L. Z.
(2008a). Upregulation and redistri-
bution of ephrinB and EphB recep-
tor in dorsal root ganglion and
spinal dorsal horn neurons after
peripheral nerve injury and dorsal
rhizotomy. Eur. J. Pain 12, 1031–
1039.
Song, X. J., Zheng, J. H., Cao, J. L., Liu,
W. T., Song, X. S., and Huang, Z.
J. (2008b). EphrinB-EphB receptor
signaling contributes to neuropathic
pain by regulating neural excitabil-
ity and spinal synaptic plasticity in
rats. Pain 139, 168–180.
Song, X. J., Vizcarra, C., Xu, D.
S., Rupert, R. L., and Wong, Z.
N. (2003a). Hyperalgesia and neu-
ral excitability following injuries to
central and peripheral branches of
axons and somata of dorsal root
ganglion neurons. J. Neurophysiol.
89, 2185–2193.
Song, X. J., Zhang, J. M., Hu, S.
J., and LaMotte, R. H. (2003b).
Somata of nerve-injured sensory
neurons exhibit enhanced responses
to inflammatory mediators. Pain
104, 701–709.
Song, X. J., Wang, Z. B., Gan, Q., and
Walters, E. T. (2006). cAMP and
cGMP contribute to sensory neu-
ron hyperexcitability and hyperal-
gesia in rats with dorsal root gan-
glia compression. J. Neurophysiol.
95, 479–492.
Song, Y., Li, H. M., Xie, R. G., Yue,
Z. F., Song, X. J., Hu, S. J., and
Xing, J. L. (2012). Evoked bursting
in injured Abeta dorsal root gan-
glion neurons: a mechanism under-
lying tactile allodynia. Pain 153,
657–665.
Steffensen, I., Dulin, M. F., Walters,
E. T., and Morris, C. E. (1995).
Peripheral regeneration and cen-
tral sprouting of sensory neurone
axons in Aplysia californica follow-
ing nerve injury. J. Exp. Biol. 198,
2067–2078.
Strickland, I. T., Martindale, J. C.,
Woodhams, P. L., Reeve, A. J.,
Chessell, I. P., and McQueen, D.
S. (2008). Changes in the expres-
sion of NaV1.7, NaV1.8 and NaV1.9
in a distinct population of dorsal
root ganglia innervating the rat knee
joint in a model of chronic inflam-
matory joint pain. Eur. J. Pain 12,
564–572.
Sukhotinsky, I., Ben-Dor, E., Raber, P.,
and Devor, M. (2004). Key role of
the dorsal root ganglion in neuro-
pathic tactile hypersensibility. Eur. J.
Pain 8, 135–143.
Sun, W., Miao, B., Wang, X. C., Duan,
J. H., Wang, W. T., Kuang, F., Xie,
R. G., Xing, J. L., Xu, H., Song, X.
J., Luo, C., and Hu, S. J. (2012).
Reduced conduction failure of the
main axon of polymodal nocicep-
tive C-fibres contributes to painful
diabetic neuropathy in rats. Brain
135, 359–375.
Tan, A. M., and Waxman, S. G.
(2012). Spinal cord injury, dendritic
spine remodeling, and spinal mem-
ory mechanisms. Exp. Neurol. 235,
142–151.
Tan, A. M., Zhao, P., Waxman, S.
G., and Hains, B. C. (2009). Early
microglial inhibition preemptively
mitigates chronic pain develop-
ment after experimental spinal cord
injury. J. Rehabil. Res. Dev. 46,
123–133.
Thompson, K. R., Otis, K. O., Chen,
D. Y., Zhao, Y., O’Dell, T. J., and
Martin, K. C. (2004). Synapse to
nucleus signaling during long-term
synaptic plasticity; a role for the
classical active nuclear import path-
way. Neuron 44, 997–1009.
Traub, R. J., Allen, B., Humphrey, E.,
and Ruda, M. A. (1990). Analysis of
calcitonin gene-related peptide-like
immunoreactivity in the cat dorsal
spinal cord and dorsal root gan-
glia provide evidence for a multi-
segmental projection of nociceptive
C-fiber primary afferents. J. Comp.
Neurol. 302, 562–574.
Villarreal, C. F., Sachs, D., de Queiroz
Cunha, F., Parada, C. A., and
Ferreira, S. H. (2005). The role
of Na(V)1.8 sodium channel
in the maintenance of chronic
Frontiers in Physiology | Integrative Physiology August 2012 | Volume 3 | Article 309 | 12
Walters Hyperexcitable nociceptors and central pain
inflammatory hypernociception.
Neurosci. Lett. 386, 72–77.
von Schack, D., Agostino, M. J., Murray,
B. S., Li, Y., Reddy, P. S., Chen, J.,
Choe, S. E., Strassle, B. W., Li, C.,
Bates, B., Zhang, L., Hu, H., Kotnis,
S., Bingham, B., Liu, W., Whiteside,
G. T., Samad, T. A., Kennedy, J.
D., and Ajit, S. K. (2011). Dynamic
changes in the microRNA expres-
sion profile reveal multiple regu-
latory mechanisms in the spinal
nerve ligation model of neuro-
pathic pain. PLoS ONE 6:e17670.
doi: 10.1371/journal.pone.0017670
Walters, E. T. (1994). Injury-related
behavior and neuronal plasticity:
an evolutionary perspective on
sensitization, hyperalgesia, and
analgesia. Int. Rev. Neurobiol. 36,
325–427.
Walters, E. T., Alizadeh, H., and Castro,
G. A. (1991). Similar neuronal alter-
ations induced by axonal injury and
learning in Aplysia. Science 253,
797–799.
Walters, E. T., and Moroz, L. L. (2009).
Molluscan memory of injury: evo-
lutionary insights into chronic pain
and neurological disorders. Brain
Behav. Evol. 74, 206–218.
Wang, H., Rivero-Melian, C.,
Robertson, B., and Grant, G.
(1994). Transganglionic transport
and binding of the isolectin B4 from
Griffonia simplicifolia I in rat pri-
mary sensory neurons. Neuroscience
62, 539–551.
Wasner, G., Lee, B. B., Engel, S.,
and McLachlan, E. (2008). Residual
spinothalamic tract pathways pre-
dict development of central pain
after spinal cord injury. Brain 131,
2387–2400.
Waxman, S. G., andHains, B. C. (2006).
Fire and phantoms after spinal cord
injury: Na+ channels and central
pain. Trends Neurosci. 29, 207–215.
Weaver, L. C., Verghese, P., Bruce, J. C.,
Fehlings, M. G., Krenz, N. R., and
Marsh, D. R. (2001). Autonomic
dysreflexia and primary afferent
sprouting after clip-compression
injury of the rat spinal cord.
J. Neurotrauma 18, 1107–1119.
Weil, Z. M., Norman, G. J., DeVries,
A. C., and Nelson, R. J. (2008).
The injured nervous system: a
Darwinian perspective. Prog.
Neurobiol. 86, 48–59.
Wen, Y. R., Suter, M. R., Kawasaki,
Y., Huang, J., Pertin, M., Kohno,
T., Berde, C. B., Decosterd, I.,
and Ji, R. R. (2007). Nerve con-
duction blockade in the sciatic
nerve prevents but does not reverse
the activation of p38 mitogen-
activated protein kinase in spinal
microglia in the rat spared nerve
injury model. Anesthesiology 107,
312–321.
Weng, X., Smith, T., Sathish, J.,
and Djouhri, L. (2012). Chronic
inflammatory pain is associated
with increased excitability
and hyperpolarization-activated
current (Ih) in C- but not
Adelta-nociceptors. Pain 153,
900–914.
Weragoda, R. M., Ferrer, E., and
Walters, E. T. (2004). Memory-like
alterations in Aplysia axons after
nerve injury or localized depolariza-
tion. J. Neurosci. 24, 10393–10401.
Wieseler, J., Ellis, A. L., McFadden,
A., Brown, K., Starnes, C., Maier,
S. F., Watkins, L. R., and Falci,
S. (2010). Below level central pain
induced by discrete dorsal spinal
cord injury. J. Neurotrauma 27,
1697–1707.
Woolf, C. J., and Costigan, M. (1999).
Transcriptional and posttransla-
tional plasticity and the generation
of inflammatory pain. Proc. Natl.
Acad. Sci. U.S.A. 96, 7723–7730.
Wu, G., Ringkamp, M., Hartke, T. V.,
Murinson, B. B., Campbell, J. N.,
Griffin, J. W., and Meyer, R. A.
(2001). Early onset of spontaneous
activity in uninjured C-fiber noci-
ceptors after injury to neighboring
nerve fibers. J. Neurosci. 21, RC140.
Wu, Z. Z., Yang, Q., O’Neil, R. G., and
Walters, E. T. (2011). Spinal cord
injury enhances TRPV1 responses
and expression in primary nocicep-
tors. Soc. Neurosci. Abstr. 706.06.
Xiao, W. H., and Bennett, G. J. (2007).
Persistent low-frequency spon-
taneous discharge in A-fiber and
C-fiber primary afferent neurons
during an inflammatory pain
condition. Anesthesiology 107,
813–821.
Xie, W., Strong, J. A., Kim, D.,
Shahrestani, S., and Zhang, J. M.
(2012). Bursting activity in myeli-
nated sensory neurons plays a key
role in pain behavior induced by
localized inflammation of the rat
sensory ganglion. Neuroscience 206,
212–223.
Xie, W., Strong, J. A., Meij, J. T.,
Zhang, J. M., and Yu, L. (2005).
Neuropathic pain: early sponta-
neous afferent activity is the trigger.
Pain 116, 243–256.
Xie, W., Strong, J. A., and Zhang, J.
M. (2009). Early blockade of injured
primary sensory afferents reduces
glial cell activation in two rat neu-
ropathic pain models. Neuroscience
160, 847–857.
Xie, W. R., Deng, H., Li, H., Bowen,
T. L., Strong, J. A., and Zhang,
J. M. (2006). Robust increase of
cutaneous sensitivity, cytokine pro-
duction and sympathetic sprouting
in rats with localized inflamma-
tory irritation of the spinal ganglia.
Neuroscience 142, 809–822.
Yang, Q., Wu, Z. Z., Crook, R. J., and
Walters, E. T. (2012). Knockdown
of Nav1.8 blocks both spontaneous
activity in small DRG neurons and
reflex hypersensitivity after spinal
cord injury. Soc. Neurosci. Abstr.
(in press).
Yezierski, R. P. (2009). Spinal cord
injury pain: spinal and supraspinal
mechanisms. J. Rehabil. Res. Dev. 46,
95–107.
Yoshimura, N., and de Groat, W. C.
(1997). Plasticity of Na+ chan-
nels in afferent neurones innervat-
ing rat urinary bladder following
spinal cord injury. J. Physiol. 503,
269–276.
You, H. J., Colpaert, F. C., and Arendt-
Nielsen, L. (2008). Long-lasting
descending and transitory short-
term spinal controls on deep spinal
dorsal horn nociceptive-specific
neurons in response to persistent
nociception. Brain Res. Bull. 75,
34–41.
Yu, L., Yang, F., Luo, H., Liu, F. Y.,
Han, J. S., Xing, G. G., and Wan,
Y. (2008). The role of TRPV1 in
different subtypes of dorsal root
ganglion neurons in rat chronic
inflammatory nociception induced
by complete Freund’s adjuvant.Mol.
Pain 4, 61.
Zhang, C., and Zhou, Z. (2002).
Ca(2+)-independent but voltage-
dependent secretion in mammalian
dorsal root ganglion neurons. Nat.
Neurosci. 5, 425–430.
Zhang, J. M., Li, H., and Brull, S. J.
(2000). Perfusion of the mechani-
cally compressed lumbar ganglion
with lidocaine reduces mechanical
hyperalgesia and allodynia in the
rat. J. Neurophysiol. 84, 798–805.
Zhang, X., Chen, Y., Wang, C., and
Huang, L. Y. (2007). Neuronal
somatic ATP release triggers
neuron-satellite glial cell commu-
nication in dorsal root ganglia.
Proc. Natl. Acad. Sci. U.S.A. 104,
9864–9869.
Zhang, Y. H., Kays, J., Hodgdon,
K. E., Sacktor, T. C., and Nicol,
G. D. (2012). Nerve growth
factor enhances the excitabil-
ity of rat sensory neurons
through activation of the atyp-
ical protein kinase C isoform,
PKMzeta. J. Neurophysiol. 107,
315–335.
Zhao, J., Yuan, G., Cendan, C. M.,
Nassar, M. A., Lagerstrom, M.
C., Kullander, K., Gavazzi, I., and
Wood, J. N. (2010). Nociceptor-
expressed ephrin-B2 regulates
inflammatory and neuropathic
pain. Mol. Pain 6, 77.
Zhao, P., Waxman, S. G., and Hains,
B. C. (2007). Modulation of tha-
lamic nociceptive processing after
spinal cord injury through remote
activation of thalamic microglia
by cysteine cysteine chemokine
ligand 21. J. Neurosci. 27,
8893–8902.
Zheng, J. H.,Walters, E. T., and Song, X.
J. (2007). Dissociation of dorsal root
ganglion neurons induces hyper-
excitability that is maintained by
increased responsiveness to cAMP
and cGMP. J. Neurophysiol. 97,
15–25.
Zinck, N. D., Rafuse, V. F., and
Downie, J. W. (2007). Sprouting
of CGRP primary afferents in
lumbosacral spinal cord precedes
emergence of bladder activity after
spinal injury. Exp. Neurol. 204,
777–790.
Conflict of Interest Statement: The
author declares that the research
was conducted in the absence of any
commercial or financial relationships
that could be construed as a potential
conflict of interest.
Received: 26 February 2012; accepted: 13
July 2012; published online: 02 August
2012.
Citation: Walters ET (2012) Nociceptors
as chronic drivers of pain and hyper-
reflexia after spinal cord injury: an
adaptive-maladaptive hyperfunctional
state hypothesis. Front. Physio. 3:309.
doi: 10.3389/fphys.2012.00309
This article was submitted to Frontiers
in Integrative Physiology, a specialty of
Frontiers in Physiology.
Copyright © 2012 Walters. This is
an open-access article distributed under
the terms of the Creative Commons
Attribution License, which permits use,
distribution and reproduction in other
forums, provided the original authors
and source are credited and subject to any
copyright notices concerning any third-
party graphics etc.
www.frontiersin.org August 2012 | Volume 3 | Article 309 | 13
